Although ceramic membranes are of increasing interest for drinking water treatment, there is little information available regarding their fouling behavior in this context. The objective of the current investigation was to under stand the fouling behavior of ceramic membranes on a fundamental level with foulants that have been identified as problematic for polymeric membranes in drinking water treatment. All solutions showed cake filtration except humic acid and the combination of humic acid and bovine serum albumin (BSA), which showed intermediate and complete blocking filtration, respectively. Silica played a substantial role in increasing rates of flux decline. BSA was the only foulant that significantly increased the hydrophobicity of the membrane, suggesting that the contact angle of the fouled membrane is not an indication of fouling severity or reversibility. Synergistic fouling effects were observed when model solutions were combined. These results will be helpful for the application of ceramic membranes in drinking water treatment.
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expanded Summary
Ceramic membranes show promise for drinking water treatment because of their unique physical properties, which may be advantageous in moving toward a more robust treatment. Because ceramic membranes have thus far been largely limited to industrial and food applica tions, foulants of concern in typical drinking water treat ment applications have not been studied in depth. The objective of this study was to investigate the fouling behavior of ceramic membranes using model solutions representative of foulants in drinking water sources, alone and in combination. The effectiveness of hydraulic backwashing to identify reversible and irreversible fou lants was also investigated, because this can be a crucial factor for sustainable operation in drinking water treat ment plants. Additionally, the surface properties of fouled and virgin membranes were analyzed to gain additional insight into the fouling behavior.
Materials and Methods
setup and experimental approach. Flatsheet, disk shaped ultrafiltration (300 kDa) ceramic membranes made from titanium dioxide/zirconium dioxide were used in constantpressure batch filtration experiments. Model solutions were filtered for 60 min at several pres sures: 20, 30, and 40 psi (138, 207, and 276 kPa) for single foulant solutions, at 40 psi for combination solu tions, and at 20 and 40 psi for the mixture containing all model substances. At the end of the filtration cycle, a hydraulic backwash was performed to distinguish between hydraulically reversible (i.e., backwashable) and irreversible (i.e., nonbackwashable) fouling, fol lowed by a clean water permeability test. The contact angle was measured, providing results for fouled mem branes both before and after the backwash. 
results and disCussion
Virgin membrane properties. The virgin ceramic mem branes have a very rough surface (average roughness of 50 nm), which is much higher than that for polymeric membranes of similar molecularweight cutoff. The con tact angle of the virgin ceramic membrane was quite low (22°±0.5), pointing to its hydrophilic nature. The zeta potential of the virgin ceramic membrane was measured once at pH 5.5 and found to be negative.
Fouling behavior. The singlesolution fluxdecline curves showed that silica had the highest initial rate of fouling at all pressures. Alginate, BSA, and humic acid had simi lar fouling rates at 30 and 40 psi. However, flux decline with humic acid at 20 psi was significantly slower, which may be related to its fouling mechanism. When the model solutions were combined, synergistic fouling effects were observed. All solutions containing silica demonstrated higher rates of fouling, which was likely caused by the formation of a thicker and denser cake layer, thus increas ing the overall membrane resistance at a faster rate.
effect of backwashing. Solutions with high hydraulically reversible fouling were characterized by rapid flux declines, whereas solutions with high hydraulically irre versible fouling had a much slower flux decline. Among the single solutions, silica fouling was the most hydrauli cally reversible. Humic acid followed by BSA was the least hydraulically reversible. Despite lower rates of flux decline, this significant hydraulically irreversible fouling can lead to unsustainable operation and a greater need for chemical cleaning. Overall, the addition of silica to any single solution or combination of solutions showed a decrease in hydraulically irreversible fouling (Figure 1 ). This was especially true when silica was added to humic acid or BSA and to the combination of both in particular. Silica was possibly inhibiting the ability of these compo nents to interact and bond with the membrane surface. Therefore, silica consistently played a positive role in creating a more backwashable foulant cake layer through interactions with the other model components.
Contact angle/hydrophobicity. Only three solutions had a change in contact angle before and after backwashing, which may indicate that the composition of the foulant layer was mostly unaffected by backwashing. The contact angle of the backwashed membranes as a function of flux recovery following backwash are shown in Figure 1 . Apparent from the contact angle values, BSA alone caused a dramatic increase in hydrophobicity. In contrast, the membrane remained hydrophilic when filtering the other singlesolute solutions. For combinations of model solutions, all combinations with BSA had contact angles similar to BSA alone unless silica was present. Overall, the addition of silica helped to maintain a hydrophilic membrane surface; hydrophilic membrane surfaces have been linked in the literature to lower rates of fouling.
ConClusions
In this investigation, model solutions were used to deter mine foulants of concern for a benchscale ultrafiltration ceramic membrane. The solutions of BSA, alginate, humic acid, and silica were used individually and in combinations to simulate likely foulants in a drinking water treatment setting. The main conclusions were as follows:
• Synergistic fouling effects were observed when model foulants were combined.
• Colloidal silica was the most influential factor gov erning fouling behavior:
-colloidal silica dramatically increased the overall fouling rate, but it enhanced the effectiveness of a hydrau lic backwash; -foulant layers containing colloidal silica remain relatively hydrophilic.
• Humic acid and BSA contributed the most to hydrau lically irreversible fouling. Their removal mechanism is postulated to be largely through adsorption.
Because hydraulically irreversible fouling is a concern in fullscale operations, implementing pretreatment strategies that target irreversible foulants having characteristics sim ilar to BSA and humic acid will enhance operational sus tainability and allow more effective and longterm foulant removal. Maintenance cleaning frequency and offline chemical cleaning frequency could potentially be reduced, lowering chemical cost and loss of production. 
FIGURE 1
Average contact angle versus the average percent ux recovery following hydraulic backwash at 40 psi
